Abstract Declines in fine motor skills and cognitive function are well known features of human aging. Yet, the relationship between age-related impairments in motor and cognitive function remains unclear. Rhesus monkeys, like humans, show marked decline in cognitive and fine motor function with age and are excellent models to investigate potential interactions between age-related declines in cognitive and motor functioning. We investigated the relationships among cognition, motor function and age in 30 male and female rhesus monkeys, 5-28 years of age, tested on a battery of cognitive tasks [acquisition of the delayed non-matching-to-sample (DNMS), DNMS-120s, DNMS-600s, acquisition of delayed recognition span test (DRST), spatial-DRST and object-DRST] and a fine motor task (Lifesaver test). Global cognitive ability, as assessed by the cognitive performance index (CPI), was impaired with age in both sexes, while age-related motor slowing was found only in males. After age was controlled for, half the variance in CPI was predicted by motor speed, with better cognitive ability associated with slower motor skills. Analyses at the level of each cognitive task revealed that motor speed and age predicted the rate of acquisition of the DNMS. This relationship was robust in males and absent in females. Motor speed was not a significant predictor of any other cognitive variable. We conclude that the relationship between cognition and motor function (1) may be limited to non-spatial tasks; (2) exists independently of age; (3) may reflect different contributions of the fronto-striatal system; (4) may be particularly evident in males.
Introduction
In humans cognitive and motor functions deteriorate significantly with age. Age-related cognitive deficits encompass multiple domains, including attention, memory, reasoning, and executive function (Craik and Salthouse 2000; Park and Schwartz 2000) . Agerelated motor impairments are also ubiquitous, with deficits in speed and accuracy evident in the planning, the execution and the control of movement (Krampe 2002; Spirduso and MacRae 1990) . Many studies of elderly humans have shown a relationship between motor functioning and cognitive status. For example, Camicioli et al. (1998) reported that motor slowing (finger tapping, coordination and walking) preceded cognitive impairment in a cohort of very old adults. In another study the severity of deficits in tasks of complex motor function differentiated healthy elderly from patients with mild cognitive impairment and patients with Alzheimer's disease (Kluger et al. 1997) . Relationships between age-related declines in motor performance and some aspects of cognitive function were also noted in a pursuit rotor learning task, in which poor motor performance was associated with low scores on non-verbal working memory (Raz et al. 2000) . It has been suggested that the association between cognitive and sensorimotor functioning increases with age (Li and Lindenberger 2002; Li et al. 2001) . Combined declines in cognitive and motor processes with age could be due to declining dopaminergic function. Indeed, the nigrostriatal dopaminergic system plays a major role in the control of both cognitive and motor processes (Nieoullon and Coquerel 2003) , and its deterioration with aging has been implicated in an array of cognitive (Arnsten and Goldman-Rakic 1985; Arnsten et al. 1994; Moore et al. 2005; Reeves 2005; Reeves et al. 2002) and motor deficits (Emborg and Kordower 2002; Grondin et al. 2000; Irwin et al. 1994) . Volkow et al. (1998) provided support for this hypothesis, by showing that D2 receptor availability in the caudate and putamen in healthy elderly subjects was positively correlated with performance on a finger tapping task and performance on specific cognitive tasks dependent on frontal function.
In sharp contrast with these findings in humans, several studies using rodent models have suggested that age-related deficits in learning and memory are independent of the motor deficits that develop with age (Gage et al. 1989; Gallagher and Burwell 1989; Miyagawa et al. 1998; Rapp et al. 1987 ) but see Chen et al. (2004) . The source of these discrepancies between the human and rodent literature is unclear but may be related to differences in the assessment of motor function between the two species, with human motor function typically measured by some aspects of manual ability (finger tapping, mirror tracing, pegboard tests), while motor function is typically assessed through gross locomotor skills in rodents. In addition, discrepancies may also arise from the selection of different cognitive domains in humans and rodents, as rodent studies have almost exclusively tapped spatial abilities, while human studies usually examine a variety of cognitive domains.
The goal of the present study was to clarify the relationships between age-related declines in cognitive function and fine motor ability in the rhesus monkey, a model of human aging, which is very similar to humans in terms of the cognitive deficits (Gallagher and Rapp 1997; Herndon and Lacreuse 2002; Roberts 2002; Voytko 1998) and fine motor impairments that develop with age. We tested the hypothesis that age-related cognitive impairment is associated with slowing of fine motor ability in the rhesus monkey.
Methods

Subjects
We analyzed cognitive performance and fine motor skills of 30 rhesus monkeys (Macaca mulatta), including 20 monkeys tested for motor function as part of a previous study (Lacreuse et al. 2005 ). All monkeys were tested by the same procedure. As can be seen in Table 1 , the group comprised 13 females and 17 males, aged 4 years to 28 years old (mean = 16.6, SD=7.2). Age was not significantly different between young males (mean=5.66, SD=0.88) and young females (mean = 7.19, SD = 1.78; t(7) = 3.20, ns) or old males (mean=20.95, SD=3.11) and old females (mean = 20.05, SD=2.39, t(19)=1.27, ns). The monkeys were not deprived of food or water, and they received their normal daily ration of monkey chow and fresh fruits. They were humanely treated in accordance with the standards of the Association for Assessment and Accreditation of Laboratory Animal Care, International.
Procedure
Cognitive tasks
Each monkey was first tested on a battery of cognitive tasks, described elsewhere in detail (Herndon et al. 1997 ) and briefly summarized here. Testing on the cognitive tasks took place in a Wisconsin general testing apparatus (WGTA). In the WGTA the experimenter sat behind a one-way screen facing a test board containing three wells that could be baited with food. Between trials, the test board was concealed from the monkey by an opaque screen. Monkeys were presented with three tasks: the delayed non-matching-to-sample (DNMS), assessing visual recognition memory, the spatial condition of the delayed recognition span test (DRST), assessing spatial memory, and the object condition of the DRST, assessing object memory. The tasks consisted of different components that were presented in the following order: the acquisition phase (learning) of the DNMS, the 120 s and the 600 s delays of DNMS, the acquisition phase of the spatial DRST, the spatial DRST and the object DRST. Completion of the entire cognitive battery typically required between 6 and 12 months.
Visual recognition memory (DNMS)
The DNMS tests visual recognition memory by requiring the subject to discriminate a novel from a familiar object following a specific delay. Acquisition: first, a sample object was presented over the central location of the test board. The animal was allowed to displace the sample and obtain a reward. The test board was concealed from view. Ten seconds later the recognition trial was begun with the sample object appearing simultaneously with a new object at the left or right side of the test board. In order to obtain the reward, the animal had to recognize the original sample object and choose the novel object. Ten seconds after the monkey's response, a new trial was begun with a new pair of objects. Twenty trials (20 pairs of different objects, "trial-unique" procedure) per day were given until the monkey reached a learning criterion of 90 correct responses in 100 consecutive trials. Objects were randomly drawn from a pool of 1,000 junk objects. The number of trials to reach criterion and the number of errors made to reach criterion were the dependent variables. Delays: after the monkey reached the learning criterion, a delay of 120 s was introduced between the presentation of the sample and the recognition trial. Ten trials a day for 10 days were given (100 trials), followed by 100 trials with a 600 s delay. The percentage of correct responses for each delay was the dependent variable.
Spatial and object memory (DRST) The DRST requires subjects to identify a new stimulus among an increasing set of familiar stimuli. The stimuli were presented serially on a test board consisting of 18 food wells arranged in a 3×6 matrix. In the spatial condition, the stimuli were identical disks presented serially in different locations, and the monkey had to select the disk placed in a new location at each trial. Since all stimuli were identical, except for their location on the board, the task tested spatial memory. In the object condition, the stimuli were different junk objects presented serially at random locations on the board, and the monkey had to select the new object at each trial. The task assessed object memory. Acquisition phase Prior to formal testing on the spatial-DRST, the monkeys were trained on a simplified version using only a two-disk sequence and the six wells of the middle row of the test board. The monkey was first presented with one disk that could be displaced to obtain a food reward. The screen was lowered for 10 s, during which time the experimenter replaced the disk in its original location and added a new disk in a different location with a reward underneath. The screen was raised, and the monkey had to displace the disk placed in the new location to get the reward. In contrast to the formal testing procedure, no other disk was added; instead, a new trial (with one disk) was begun. Thirty trials per day were given. Learning of the task was achieved when the monkeys produced nine correct responses in ten consecutive trials, three consecutive times. The number of trials and the number of errors made to reach criterion were the dependent variables.
Spatial DRST: the formal testing of the spatial DRST was similar to the acquisition phase, but it used the 18 food wells of the test board and an increasing number of disks. After each correct response (i.e, new location of a disk), an additional disk was added until the monkey made a mistake or until the monkey chose nine correct disks consecutively. Then, a new trial was begun. Two types of sequences, novel and repeated, were included in the task. For the novel sequences, the order in which the wells were covered by the stimuli was determined by a pseudo-random sequence. Performance on these trials evaluated working memory, since the information was relevant for one trial only. For the repeated sequence, the disks were presented on the tray in a unique sequence that was repeated across trials and across testing sessions, allowing the monkeys to memorize it. Performance on this sequence measured reference memory, since the information provided was relevant across trials. Ten trials were administered each day for a total of 10 days (100 trials, comprising 75 novel and 25 repeated sequences). The mean number of disks that the monkey correctly chose before making a mistake was defined as the spatial memory span (with values between 1 and 8). Object DRST: the stimuli were different objects instead of identical disks. At each trial the position of the previously correct stimulus was changed in a random fashion, so that the monkey identified the new stimulus based only on visual, rather than spatial, cues. Two types of sequences, novel and repeated, were included in the task. The novel sequences used new objects at each trial. The repeated sequence used the same set of object across trials that were placed in a predetermined position on the board. The total object memory span (novel + repeated sequences) was the dependent variable for this task.
Fine motor task (Lifesaver task)
Immediately after completing the cognitive battery, monkeys were tested by the Lifesaver test. The Lifesaver test, based on the task described by Zhang et al. (2000) , is explained in detail in Lacreuse et al. (2005) and only briefly summarized here. Monkeys had to remove a Lifesaver candy from three metal rods bent into shapes of different complexity (straight, double-S shape and question mark shape), using the left and right hands in alternation. Monkeys were tested twice a week for 8 consecutive weeks, for six trials per session (three shapes × two hands). The dependent variable was the average time required for the monkey to remove the candy from the three shapes across the 48 trials of the study (motor speed). This variable was logarithmically transformed in all analyses.
Analysis
Global cognitive ability was estimated by the cognitive performance index (CPI), a composite summary measure based on individual scores in three cognitive tests, the acquisition of DNMS, the DNMS-120s delay, and the spatial DRST, as described in Herndon et al. (1997) . The CPI is a useful index to characterize cognitive impairment in the rhesus monkey (e.g., Sandell and Peters 2003) and to examine the relationships between cognitive performance and other endpoints (e.g., Herndon et al. 1999) . In further analyzing the data, we examined whether the CPI and the motor speed differed according to sex and age, using analyses of variances (ANOVAs). Next, to examine whether motor speed in the Lifesaver test could effectively predict global cognitive ability, we used a linear regression, with the CPI as dependent variable and motor speed, age and sex as independent variables. Following this analysis, we examined whether motor speed was related to performance of specific cognitive tasks. This analysis proceeded in two steps. First, we used Pearson's product-moment correlations to explore the relationships among the different cognitive scores and eliminate redundant variables. Next, we built regression models with motor speed and age as potential predictors of each cognitive score. We used partial regression plots to examine the relationship among variables. These plots display the residuals of the independent variable and the residuals of the dependent variable when both variables are regressed separately on a third variable. All analyses were performed for the whole group and for each sex separately. All analyses were considered significant at P<0.05.
Results
Effects of age and sex on cognitive function and motor speed
The ANOVA on CPI with sex and age as factors indicated that the CPI declined significantly with age (F(1,26)=9.42, P<0.01; Figure 1a ). As can be seen in Figure 1a , data from three old monkeys were outliers and, in fact, had a CPI approximately 2 SDs below the old group mean. We verified that the effect of age remained significant without inclusion of these three data points in the analysis (F(1,23)=7.55, P<0.05). The effect of sex (F(1,26) =0.015, ns) and the interaction between sex and age (F(1,26)=.59, ns) were not significant. Similar analyses on motor speed indicated that the effects of age (F(1,26)=2.18, ns), sex (F(1,26)=0.99, ns) and the interaction between sex and age (F(1,26)=2.78, P=0.10) failed to reach significance. Examination of Figure 1b , however, suggested that motor function may be slower with age in males but not in females. Subsequent one-way ANOVAs revealed, indeed, that age-related motor slowing was significant in males (F(1,15)=8.55, P< 0.01) but not in females (F(1,11)=0.013, ns).
Relationships between global cognitive function and motor speed When the whole group was considered, more than half the variance in CPI (R 2 =0.55) was predicted by a regression model including motor speed (t=4.26, P<0.001) and age (t=−5.28, P<0.001) as independent variables (F(2,27)=16.77, P<0.001). Figure 2 shows partial regression plots depicting the relationship between the CPI and age when the effect of motor speed was removed (a) and the relationship between the CPI and motor speed after the effect of age had been controlled for (b). As can be seen in Figure 2b , at a given age, monkeys with better global cognitive ability obtained worse (slower) motor performance in the Lifesaver test. Further, the relationship was strengthened when only males were considered, with motor speed (t=3.29, P<0.01) and age (t=−4.54, P<0.001) predicting as much as 60% of the variance in CPI (F(2,16)=10 .56, P<0.01). In contrast, a similar model in females (F(2,10)=4.38, P <0.05) showed that age (t=−2.14, P=0.06) and motor speed (t=1.97, P<0.10) failed to predict the CPI.
Relationships between individual cognitive scores and motor speed The next step was to examine which, if any, individual cognitive score(s) was associated with motor speed. In order to eliminate redundant variables and obtain a limited set of dependent variables, we performed Pearson's product moment correlations among the eight cognitive scores (trials and errors to reach criterion in the DNMS, percent correct in DNMS-120s and 600s, trials and errors to reach criterion in the DRST, spatial memory span and object motor speed after age effects had been controlled for. At a given age, monkeys with better cognitive performance had slower motor skills memory span). As predicted, this analysis yielded a number of highly correlated variables. For example, the number of trials to reach criterion on the DNMS was positively correlated (r=0.99) with the number of errors to reach criterion on the DNMS. Thus, only one of these variables (i.e., number of trials) was retained for subsequent analysis. Proceeding similarly for each dependent variable, we obtained a final set of four variables (number of trials to reach criterion on DNMS, percent correct on DNMS-600s, number of trials to reach criterion on the DRST and spatial memory span) that we submitted to linear regressions with age and motor speed as independent variables.
These analyses revealed that motor speed (t=−2.72, P<0.02) and age (t=3.47, P<0.01; R 2 =0.36; F(2.25)= 7.09, P<0.01) were significant predictors of the number of trials to reach criterion on the DNMS, after removal of two outliers (the oldest male, RI25, and the oldest female, RLt) who had required more than 2,000 trials (i.e., greater than 3 SDs from old group mean) to learn the DNMS (Figure 3) . The relationship between motor speed and rate of DNMS learning after age had been controlled for was evident when only males were considered (motor speed t=−3.09, P<0.01; age t= −2.87, P<0.02; F(2,13)=5.41, P<0.02), but not in females (motor speed t=−0.22, ns; age t=3.0, <0.02; F (2,9)=4.41, P<0.05). In females, the only relationship between any cognitive score and motor speed was a non-significant trend for better DNMS−600s performance to be associated with faster motor performance (motor speed t=−2.19, P=0.05; F( 1,11)=4.82, P =0.05). Motor speed and age were not significant predictors of cognitive performance for any other variable, either in males or in females. It is worth noting that motor speed represented motor performance across repeated testing sessions during which monkeys had learned the task. As expected, motor performance improved from the first (mean=1.25, SEM=0.09) to the last testing session (mean=1.00, SEM = 0.08; t(28)=−2.56, P < 0.02). To examine whether learning effects in the motor task affected the results, we redid the analyses with either motor speed at the first session or motor speed at the last session as predictors of cognitive performance. Inclusion of these variables did not significantly alter any of the results. Partial regression plots showing a the relationship between the number of trials to reach criterion on the DNMS and age, when the effect of motor speed was removed (two outliers removed), and b the relationships between the number of trials to reach criterion on the DNMS and motor speed, when the effect of age had been controlled for (two outliers removed). Motor speed was associated with slower acquisition of the DNMS after age effects had been controlled for Discussion Global cognitive function, as assessed by a summary measure of cognitive functioning, the CPI, declined significantly with age in both sexes, similar to previous results in a larger group of monkeys (Herndon et al, 1997) . Age-related slowing of fine motor performance was found only in males, consistent with a previous report on sex differences in age-related motor decline (Lacreuse et al. 2005) .
In the present study we focused on the relationship between age-related declines in cognition and agerelated slowing of fine motor skills. The CPI, based on scores of three tests, was significantly related to motor speed, when age effects were partialled out. However, contrary to our hypothesis, at a given age, better cognitive scores were associated with slower performance in the motor task. The analysis including the individual cognitive scores revealed that motor speed was associated with the rate of acquisition of the DNMS (one of the tasks on which the CPI is based), in such a way that monkeys faster at learning the DNMS were actually slower in the Lifesaver test after age had been controlled for. Interestingly, the association was robust in males but absent in females.
In males both motor speed in the Lifesaver test and DNMS acquisition were impaired with age. However, faster acquisition of the DNMS was related to slower motor performance, when the effect of age was partialled out. These unexpected results suggest that the systems which underlie DNMS learning and fine motor performance may compete under specific learning situations (Poldrack and Packard 2003) . Studies in monkeys have shown that lesions of the inferior temporal cortex (Bachevalier and Mishkin 1994) , ventral prefrontal cortex (Kowalska et al. 1991) or entorhinal and perirhinal cortices (Zola-Morgan et al. 1989 ) impair DNMS acquisition. Motor learning, on the other hand, initially involves prefrontal regions of the cortex (Jenkins et al. 1994; Karni et al. 1995) , shifting to primary motor cortex, parietal cortex, basal ganglia and cerebellum areas when motor skills become more established (Daselaar et al. 2003; Shadmehr and Holcomb 1997; Toni et al. 1998) . Age-related slowing of fine motor function has been attributed to alterations of the nigrostriatal system, including loss of dopaminergic neurons (Emborg et al. 1998; Irwin et al. 1994) , reduction of tyrosine hydroxylase and dopaminergic transporter (Gerhardt et al. 2002; van Dyck et al. 2002) , striatal atrophy (Lacreuse et al. 2005; Matochik et al. 2000) , and iron accumulation in the striatum (Cass et al. 2006) .
The inverse relationship between motor speed and DNMS learning after age had been controlled for may reflect differential recruitment of brain circuits important for cognitive control, and the ability to adapt behavior to current demands and to suppress irrelevant behavior. Cognitive control has been shown to be mediated by fronto-striatal networks (Braver et al. 2002; Casey et al. 2002; Liston et al. 2006 ) that may provide a dorsal mechanism for the coordination of motor actions and a ventral mechanism for the inhibition of stimulus-response-reward associations (Chudasama and Robbins 2006) . The extent to which monkeys recruit these systems may contribute to individual differences in motor performance and DNMS learning: fast motor performance may reflect a deficit in the ability to select appropriate responses in the DNMS, while slow motor function may indicate increased ability to adapt behavior to reward contingencies during DNMS learning. Further testing with tasks directly tapping cognitive flexibility (e.g., card-sort test analogs, reversals, go/no-go tasks) should shed light on the validity of this hypothesis. For example, if motor-efficient monkeys are less able to inhibit responding in tasks of executive function, we might expect an increased number of perseverant responses in monkeys with better motor performance.
The association between motor speed and DNMS learning at a given age was robust in males but absent in females. In females only a non-significant trend was found between faster motor ability and better performance at DNMS-600s. Caution is required in interpreting this result, as a greater number of females would be required to test the validity of the sex difference. At present, we can only speculate that males and females may rely on different neural circuits when performing motor and cognitive tasks. In particular, in light of previous reports on sex differences in the dopaminergic system (Laakso et al. 2002; Mozley et al. 2001; Munro et al. 2006; Pohjalainen et al. 1998) , it is plausible that males may be more sensitive to the modulatory effects of dopamine on behavior.
Finally, our results suggest that the ability to predict cognitive performance from motor performance may be limited to certain cognitive tasks. This finding may shed light on the lack of relationship between sensorimotor performance and cognition usually reported in the rodent literature. Indeed, those studies have almost exclusively used spatial tasks to assess cognitive function. The study by Chen et al. (2004) in Kunming mice is a notable exception. They used an object recognition memory task and an olfactory discrimination task, in addition to a spatial task (radial water maze), to examine the relationships between age-related sensorimotor impairments (beam walking, open field and tightrope) and cognitive decline. Confirming previous findings in rodents (Gage et al. 1989; Gallagher and Burwell 1989; Miyagawa et al. 1998; Rapp et al. 1987) , they failed to find an association between sensorimotor performance and spatial task performance. In contrast, sensorimotor impairment was related to performance in the non-spatial tasks (object recognition memory and olfactory discrimination). Since the object recognition task is a hippocampus-dependent cognitive task comparable to the DNMS (Mumby et al. 1996) , those findings are directly in line with the present findings in monkeys. Thus, the data of Chen et al. (2004) and our own findings suggest that the relationships between cognition and motor function cannot be adequately described in terms of global measures of cognitive and motor performance, as motor function may only be related to specific non-spatial tasks.
In conclusion, motor speed in the Lifesaver test was related to some aspects of cognition in the rhesus monkey, with slower motor speed predicting faster learning of the DNMS. This relationship was independent of age and more prominent in males than in females. We suggest that this relationship may represent different contributions of the fronto-striatal system to motor control and specific forms of associative learning.
